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Abstract: Industrial and agronomic activities lead to oversupply and accumulation of elements
in the environment. Relatively little is known about mechanisms of manganese (Mn) triggered
stress. In this study, different cultivars of popular cereals wheat, oat, and barley were investigated
for their response to excessive Mn. Manganese ions (MnCl2) at 5 and 10 mM were applied to the
grains and then to the media on which the plants grew until they developed their first leaf. It was
performed ICP MS aiming to understand the mechanism of manganese stress in susceptible and
resistant cultivar. Under Mn-stress a decrease in fresh weight of plants was observed, also differences
in water content in first leaves, an increase in superoxide dismutases (SOD) and peroxidases (POX)
activity, and a significant rise in catalase (CAT) was only characteristic for barley. Increasing Mn
concentration resulted in enhancing of manganese superoxide dismutase (Mn-SOD) and copper, zinc
superoxide dismutase (Cu/Zn-SOD) bands intensity. The increase in proline content, depending on a
balance between pyrroline-5-carboxylate synthase (P5CS), ornithine-d-aminotransferase (OAT), and
proline dehydrogenases (PHD) activities, indicated osmotic disorders in all plants and differentiated
the studied cereals. Microscopic observations of changes in the structure of plastids and starch
accumulation in Mn presence were particularly visible in sensitive cultivars. The study ranked the
tested cereals in terms of their tolerance to Mn from the most tolerant wheat through barley and the
least tolerant oats.
Keywords: manganese; oxidative stress; osmoprotectants; wheat/barley/oats; enzyme activities
1. Introduction
An increasing demand for cereals, as one of the basic foods in the world, calls for genotypes that
are resistant to various stress factors, leading for instance to disturbances in nutrient diffusion and
mass flow in the soil. Furthermore, cereals need to adapt to changing climatic conditions such as a
progressive global warming, with a limited amount of rainfall [1]. Another problem is an accumulation
of significant amounts of elements in agricultural lands due to excessive fertilization. Enhanced levels
of various elements, exceeding the plants’ demand, generate oxidative stress resulting in reduced
yield [2]. This also applies to the elements necessary for proper plant functioning such as Fe, Cu, Zn,
and Mn, common components of enzymes involved in photosynthesis and antioxidative reactions.
Subba et al. [3], Küpper et al. [4], Schützendübel, and Polle [5] showed that the excess of Fe, Cu,
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and Zn-stimulated stressogenic symptoms in plant tissues decreased their productivity. Relatively
few articles have discussed Mn-triggered stress caused by an excess of this element in the soil [6–8]
This element is present in the Earth’s crust, soils, sediments and other biological materials, and its
bioavailability depends on many factors including acidity, heat and genetic variation [6]. The average
Mn value ranges from 450–4000 mg/kg [9]. Niu et al. [10] reported Mn soil contents in China in the
range of 40–1681 mg/kg, and Antibachi et al. [11] measured values ranging from 685–1307 mg/kg in
soil from central Greece.
The importance of Mn in the cell functioning consists in its location in the active center of many
enzymes [12], especially those that are involved in the regulation of redox properties being disturbed
under stressful conditions and triggered by reactive oxygen species (ROS) [13]. However, Mn excess
was reported to cause ROS formation, especially hydroxyl and superoxide radicals and hydrogen
peroxide [14]. Toxicity of Mn in plant cells is manifested by a reduction in photosynthetic activity
and inhibition of chlorophyll biosynthesis that finally diminish plant productivity [15]. Our earlier
studies demonstrated that Mn accumulation in wheat cells was associated with reduced uptake of
other micro- and macroelements, essential for proper plant growth and development [16]. Similar
dependencies were also indicated by other authors in wheat [17,18] and Arabidopsis thaliana [19,20].
Sieprawska et al. [21] suggested that Mn could accumulate in chloroplasts, and hence this would
explain the significant effect as to modification of stress reactions associated with the generation of
excess ROS in these organelles.
Presumably, a ROS surplus may lead to the activation of protective antioxidants of enzymatic
and non-enzymatic origin [22]. Superoxide dismutases (SODs) catalyze the disproportionation
reaction of the superoxide anion radical (O2•−), and catalases (CAT) and peroxidases (POX) eliminate
hydrogen peroxide. Among non-enzymatic antioxidants, an increase in the synthesis of proline
and sugars, also ensuring the stability of osmotic conditions, has been reported frequently [23].
Moreover, salicylic acid (SA) may provide protection against certain abiotic stresses, such as low/high
temperature or heavy metal stress [24]. Significance of proline synthesis under stress, and its role in
stabilizing the osmotic environment in plant cells, was demonstrated in many plants exposed to a
metal-induced oxidative stress [25]. However, the mechanisms of this osmoprotectant synthesis are
not fully understood, especially in view of the plant sensitivity to stress. Proline may be produced
from glutamine by pyrroline-5-carboxylate synthetase (P5CS), or via the ornithine pathway by
action of ornithine-d-aminotransferase (OAT). Its degradation is controlled by prolyl hydrohylase
(PHD) [25]. Under abiotic stress it is mainly synthesized by P5CS enzymes [26]. An enhanced content
of carbohydrates, serving as a source of energy essential for physiological processes was reported for
many stresses [27], including heavy metals [28]. In fact, the synthesis of proline and carbohydrates has
been suggested as a crucial element in plant stress survival strategy [29].
The aim of this study was to find similarities/differences in the protective mechanisms triggered
by an excess of Mn, to identify specific factors mediating these mechanisms, and to identify the
cereals most resistant to Mn oversupply. The stress sensitive and tolerant cultivars of three cereals
most commonly used in agriculture and basis for many food products, i.e., wheat, barley, and oat
were studied. Wheat is a principal crop in temperate regions used for both food and feed, and
valued for high yield potential and adaptability [30]. Barley is the main food source in countries
with extreme climates (e.g., deserts), and is economically advantageous [31]. Oat, with its grains
rich in healthy substances is often considered “super-food” [32]. Biosafety of growing these crops
requires maintaining appropriate breeding conditions, also consisting in a balanced level of ions
present in the environment [33]. The research aims were realized through the following experiments:
(i) Differentiation in Mn accumulation by grains; (ii) stimulation of antioxidant enzyme activation,
with a particular focus on SOD-isoforms; (iii) changes in the concentration of substances that regulate
cellular osmotic potential such as carbohydrates and proline, including the main enzymes of proline
synthesis/degradation; (iv) SA content; and (v) microscopic observations of the cellular structure.
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2. Materials and Methods
Grains of spring wheat (cv. Parabola-tolerant and cv. Raweta-sensitive) and spring oats (cv.
Bingo-tolerant, hulled and cv. Siwek-sensitive, naked) were received from the Polish Plant Breeding
Stations Radzików and Strzelce. Spring barley two-rowed cultivars grains (cv. CAM/B1-tolerant and
cv. Maresi-sensitive) were obtained from the International Center for Agricultural Research in the
Dry Areas (ICARDA) and from Gene Bank in Prague, Czech Republic respectively. Selection of the
tested cultivars was based on previous studies of their tolerance to various stress factors [34–36]. After
sterilization with 80% ethanol and then 10% perhydrol, the grains were rinsed four times with distilled
water. Sterilized grains placed in Petri dishes containing 0 (control), 5 and 10 mM aqueous solutions
of MnCl2, and germinated at 20 ◦C in the dark. The applied doses of Mn were chosen based on our
earlier experiments [21]. The Mn treated grains were put into pots filled with perlite hydrated with
5 or 10 mM MnCl2 solutions. Control grains were grown without Mn application. The pots were
transferred into a greenhouse (800 µmol (photons) m−2 s−1, 16 h photoperiod at 22/17 ◦C; day/night),
and cultured to reach the growth phase in which the first leaf emerged from the coleoptile (six days).
After this time fresh and dry weight of the leaves was measured. The first leaves, about 2 cm long,
were collected for biochemical analysis. Plant material from all tested plants was stored at −80 ◦C. The
experiment was repeated three times and five repetitions were performed within one experiment in all
biochemical analyzes.
2.1. Determination of Manganese Content via Biochemistry and Microscopy Assays
The leaves were lyophilized (Freeze Dry System/Freezone 4.5, Labconco, USA) and samples
of 0.02 g were mineralized in ultrapure concentrated nitric acid (Merck, Darmstadt, Germany) in a
closed microwave system (Uni Clever, Plazmatronika, Poland). Mn (55) was analyzed by ICP-MS
spectrometry (Elan DRC-e, Perkin Elmer, Shelton, USA), according the protocol described in details by
Tobiasz et al. [37].
The first leaves of Parabola and Raweta cultivars obtained from control and 10 mM MnCl2
conditions were fixed in Carnoy’s solution (glacial acetic acid: ethanol (100%); 1:3 v/v), and filled with
LR GOLD resin (Fluka LR Gold embedding kit for microscopy, Buchs, Switzerland) preceding the
microscopic observations. The leaf profile was recorded using a BX50 microscope (Olympus, Tokyo,
Japan) with NIS Elements AR 3.00 NIKON software, Tokyo, Japan).
2.2. Antioxidant Enzyme Assays and Detection of Their Isoforms
Leaves (1 g) were homogenized in a phosphate buffer (PB, pH 7) supplemented with 0.1 mM EDTA
and centrifuged for 10 min at 10,000 × g. The enzyme activity was analyzed spectrophotometrically
(Biochrom Ultrospec II, LKB, Sweden). Superoxide dismutase (SOD; EC 1.15.1.1) activity was
determined with a cytochrome method [38]. The samples were mixed with the reaction mixture
containing 1 mM cytochrome c; 0.1 mM EDTA; phosphate buffer pH 7.8 and 1 mM xanthine and
analyzed at λ = 550 nm. The amount of the enzyme necessary for 50% inhibition of cytochrome c
(in a coupled system with xanthine and xanthine oxidase) was established as a unit of SOD activity.
The activity of peroxidase (POX; EC 1.11.1.9) was detected using a modified method of Lűck [39]
by measuring the quantity of p-phenylenediamine (1%) reaction products in the presence of H2O2
(0.03 mM) in PB at λ = 485 nm. Catalase (CAT; EC 1.11.16) activity was detected according to Aebi [40],
in the mixture of PB and 0.03 mM hydrogen peroxide at λ = 240 nm.
SOD isoforms were detected in the leaves of Parabola and Raweta cultivars. Fresh leaves (1 g) were
homogenized in 8 mL of 100 mM Tricine buffer (pH 8.0) containing 3 mM MgSO4, 1 mM dithiothreitol
(DTT), 3 mM EDTA and 5% polyvinylpolypyrrolidone (PVPP), and centrifuged for 3 min at 12,000 g
at 4 ◦C Protein content was quantified according to Bradford [41]. Individual SOD-isoforms were
separated using native polyacrylamide gel electrophoresis (PAGE) in the Laemmli [42] buffer system
without sodium dodecyl sulfate (SDS). Samples containing 9 µg of protein were loaded on a 12% gel.
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After electrophoresis (4 ◦C, 180 V), SOD bands were visualized using the staining method described by
Beauchamp and Fridovich [43]. The gels were incubated in a staining buffer (PB with 10 mM EDTA,
28 mM tetramethylethylenediamine (TEMED), 22 mM riboflavin and 0.25 mM nitro blue tetrazolium
(NBT); pH 7.8 for 20 min in darkness, and then exposed to white light until SOD activity bands became
visible [44].
2.3. Analysis of Proline Metabolism
Proline was identified after homogenization 1 g of leaves in 3% aqueous solution of sulfosalicylic
acid, and after centrifugation the supernatant was extracted with toluene (4 mL). Quantitative analysis
was based on spectrometric technique (Evolution 201, Thermo Scientific), with ninhydrin reagent (1%
in 60% acetic acid), as presented by Bates et al. [45], and modified by Grzesiak et al. [34].
The samples for the determination proline enzymes assay were prepared according to
Lűtts et al. [46]. Their enzymatic activity was determined spectrophotometrically (Biochrom Ultrospec
II, LKB, Sweden). D1-pyrroline-5-carboxylate synthase (P5CS; EC 2.7.2.11) was analyzed at λ = 340 nm,
according to Stines et al. [47]. Ornithine-d-aminotransferase (OAT; EC 2.6.1.68) was determined as
described by Vogel and Kopac [48] at λ = 440 nm. Proline dehydrogenase (PHD; EC 1.5.99.8) at
λ = 340 nm, according to Lűtts at al. [46]. The enzymatic activity was expressed as a unit per mg
protein. Protein content was determined according the Bradford [41], with bovine serum as a standard.
2.4. Carbohydrate and Salicylic Acid Content
Determination of soluble carbohydrates and starch was based on reactions with anthrone reagent
as described by Janeczko et al. [49]. To degrade starch into glucose a medium containing 0.5 unit of
amyloglucosidase (EC 3.2.1.3) and 1 unit of α-amylase (EC 3.2.1.1) was used.
The samples for the determination of salicylic acid were prepared according to Warrier et al. [50],
and centrifuged at 10,000 × g for 10 min. The supernatant (100 µL) was mixed with ferric chloride
(0.1%). Salicylic acid content was determined spectrophotometrically (Biochrom Ultrospec II, LKB,
Sweden), and absorbance was measured at λ= 540 nm.
2.5. Statistical Analysis of Data
Data present the mean ±SE. The statistical analysis involved Duncan’s multiple-range test, and
statistical significance was set at p < 0.05 using PC SAS 8.0 software, (Tulsa, USA). Significance of the
means was estimated using SAS ANOVA.
3. Results
Before analyzing the effects of Mn on the biochemical factors indicating stressogenic effects of
this ion, the Mn content in the control grains was determined. The level of Mn ranged from about
6.34 ± 0.02, 9.10 ± 0.04 and 12.06 ± 0.06 µg g−1 DW, for Parabola, CAM and Bingo, respectively, and
6.77 ± 0.03, 9.93 ± 0.05, and 13.11 ± 0.03 µg.g−1 for Raweta, Maresi and Siwek, respectively (Figure 1A).
In all studied cereals, the application of Mn increased accumulation of this element in a dose-depending
manner. At 5 mM MnCl2 Mn content increased by 7 and 9 fold for tolerant and sensitive genotypes,
respectively, and at 10 mM MnCl2 by about 13 and 15 fold for tolerant and sensitive plants, respectively.
A statistically significant differences were found in the Mn accumulation between sensitive and tolerant
cultivars of all tested cereals.
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Figure 1. (A)—Manganese content (µg·g−1 DW) in grains; (B)—fresh weight [mg] of the first leaves of
wheat (Parabola-tolerant and Raweta-sensitive), oats (Bingo-tolerant and Siwek-sensitive) and barley
(CAM/B1-tolerant and Maresi-sensitive) cultivars grown in water (control) and at 5 and 10 mM MnCl2.
Values are mean of five replications (±SE). Different letters indicate significant (p < 0.05) differences
between treatments. Differences between cultivars are marked as “*”.
Fresh weight of the first leaf was higher in the tolerant cultivars than in the sensitive ones in all
control objects, with the highest value in wheat (Figure 1B). A higher Mn dose decreased the fresh
weight especially in the sensitive cultivars: By about 5 mg/plant in Raweta and Maresi and about
7 mg/plant in Siwek, while in all tolerant cultivars—by about 2 mg/plant only. Calculated water content
(differences between fresh and dry weight) in the leaves of tolerant and sensitive cultivars ranged
between 80–82% and 79–82%, respectively. All cultivars responded to a higher Mn dose with a drop in
their water content, with the effect being particularly strong in the sensitive plants (about 69–74%).
All cultivars indicated as tolerant in our earlier works [34–36] were characterized by a statistically
significant higher mass than that of sensitive ones, both in control conditions and under Mn treatment.
Figure 2 presents changes in the activity of the investigated antioxidant enzymes. Among the
control objects, both wheat cultivars had the highest activity of SOD (Figure 2A) and POX (Figure 2B),
barley showed the highest activity of CAT (Figure 2C), while in oats the activity of all studied enzymes
was the lowest one. Both Mn concentrations enhanced SOD activity in all cereals. In the sensitive
plants, a higher Mn dose nearly doubled the enzyme activity in comparison with the control. The
increase in POX and CAT activity was observed in tolerant and sensitive wheat and barley seedlings,
especially those exposed to 10 mM MnCl2. In the sensitive oat plants, a decrease in POX and CAT
activity was noted, while in tolerant ones, Mn presence stimulated only POX activity. Moreover, POX
activity of all sensitive cultivars under control conditions was greater than in tolerant ones. This
contrasted with CAT, higher activity of which was registered in tolerant cultivars.
A detailed analysis of SOD isoforms in wheat leaves showed that in control conditions the enzyme
was represented mainly by two isoforms: Cu/ZnSOD and MnSOD (Figure 3). In both tolerant and
sensitive cultivars, Cu/ZnSOD bands became more visible in Mn-treated samples, with the changes
being more pronounced in the sensitive plants. Similarly, the activity of MnSOD isoform increased
after exposure to Mn ions, and at 10 mM MnCl2 the band representing this isoform was more visible
than at 5 mM MnCl2.
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Figure 2. Activity of superoxide dismutases (SODs) (A), peroxidases (POX) (B), and catalase (CAT)
(C) [U/mg protein] in wheat (Parabola-tolerant and Raweta-sensitive), oats (Bingo-tolerant and
Siwek-sensitive) and barley (CAM/B1-tolerant and Maresi-sensitive) cultivars, grown in water (control)
and at 5 and 10 mM MnCl2. Values are mean of five replications (±SE). Different letters indicate
significant (p < 0.05) differences between treatments. Differences between cultivars are marked as “*”.
Figure 3. Patterns of SOD activity visualized by native PAGE in wheat leaves of Parabola and Raweta,
grown in water (control) and at 5 and 10 mM MnCl2.
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The analysis of non-enzymatic antioxidants revealed that the salicylic acid (SA) concentration
(Table 1) in control plants was generally higher in sensitive cultivars, and decreased in the order of
wheat > oat > barley, irrespective of the plant tolerance. MnCl2 at 5 mM significantly enhanced SA
content in all tolerant plants, whereas at 10 mM this change was smaller, especially for cv. Bingo. An
exception to this pattern was cv. CAM/B1, where a higher Mn concentration triggered a greater increase
in SA than the lower one. In sensitive wheat and oat, the content of SA decreased with increasing Mn
accumulation. In Maresi some increase of SA was noted only at 5 mM MnCl2.
In control conditions the content of soluble sugars was higher in the sensitive cultivars. Starch
was slightly less abundant in sensitive than in tolerant plants, with the exception of oats, where its
concentration was higher in the sensitive cultivar (Table 1). In the presence of Mn, the content of
soluble sugars increased and reached the highest values at 10 mM MnCl2 in tolerant cultivars, and at
5 mM MnCl2 in sensitive ones. Starch accumulation also raised in Mn exposed plants. For wheat its
highest amounts were registered at 10 mM MnCl2, and for oats and barley it was cultivar-dependent,
i.e., higher values were observed at 10 mM MnCl2 for tolerant vs. sensitive oat, while for barley a
reverse relationship was noted.
Concentration of proline was similar in the control objects of all tolerant cultivars (Figure 4A).
Sensitive cultivars, especially of barley and oat, accumulated more proline than the tolerant ones. Mn
application resulted in a gradual increase of proline content with rising Mn doses. The only exception
was cv. Siwek, where a small decrease in proline level at 10 mM of MnCl2 (versus 5 mM MnCl2),
was registered.
Figure 4. (A)-Proline content [µM·mg−1 protein]; (B)-P5CS; (C)-OAT and (D)-PHD [U/mg protein]
activity in the first leaves of wheat (Parabola-tolerant and Raweta-sensitive), oats (Bingo-tolerant and
Siwek–sensitive) and barley (CAM/B1-tolerant and Maresi-sensitive) cultivars, grown in control and at
5 and 10 mM MnCl2. Values are mean of five replications (±SE). Different letters indicate significant
(p < 0.05) differences between treatments. Differences between cultivars are marked as “*”.
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Table 1. Concentration of salicylic acid (µg·g−1 FW), carbohydrates (mg·g−1 DW) and starch (mg/g DW) in the first leaves of wheat (Parabola-tolerant and
Raweta-sensitive), oats (Bingo-tolerant and Siwek–sensitive) and barley (CAM/B1-tolerant and Maresi-sensitive) cultivars germinated in water (control) and at 5 and
10 mM MnCl2.
Cultivar Salicylic Acid [µg·g−1 FW] Carbohydrates [mg·g−1 DW] Starch [mg·g−1 DW]
Control 5 mM Mn 10 mM Mn Control 5 mM Mn 10 mM Mn Control 5 mM Mn 10 mM Mn
Wheat
Parabola 0.29 ± 0.09 c 0.90 ± 0.12 a,* 0.64 ± 0.11 b 1.33 ± 0.02 b 1.44 ± 0.02 a 1.48 ± 0.03 a 2.16 ± 0.02 b,* 2.17 ± 0.02 b 2.74 ± 0.03 a
Raweta 0.73 ± 0.10 a,* 0.62 ± 0.08 b 0.52 ± 0.07 c 1.68 ± 0.02 c,* 2.11 ± 0.02 a,* 2.06 ± 0.04 b,* 1.95 ± 0.02 c 2.14 ± 0.02 b 3.07 ± 0.04 a,*
Oat
Bingo 0.16 ± 0.03 b 0.22 ± 0.02 a 0.17 ± 0.02 b,* 1.28 ± 0.01 c 1.27 ± 0.05 b 1.37 ± 0.02 a 1.08 ± 0.01 c 1.36 ± 0.01 b 1.75 ± 0.01 a
Siwek 0.14 ± 0.02 a 0.02 ± 0.00 b 0.02 ± 0.00 b 1.72 ± 0.02 c,* 2.40 ± 0.02 a,* 2.06 ± 0.02 b,* 1.12 ± 0.01 c,* 2.00 ± 0.02 b,* 1.87 ± 0.02 a,*
Barley CAM/B1 0.04 ± 0.00
c 0.10 ± 0.01 b 0.34 ± 0.02 a,* 1.24 ± 0.01 a 1.28 ± 0.01 a 1.29 ± 0.01 a 1.84 ± 0.01 c,* 1.88 ± 0.01 a 1.91 ± 0.01 b
Maresi 0.04 ± 0.00 b 0.19 ± 0.02 a,* 0.04 ± 0.00 b 1.36 ± 0.01 b,* 1.75 ± 0.02 a,* 1.73 ± 0.03 a,* 1.64 ± 0.01 c 2.05 ± 0.02 b,* 3.03 ± 0.03 a,*
Values are mean of five replications (±SE). Different letters indicate significant (p < 0.05) differences between treatments. Differences between cultivars are marked as “*”. FW-fresh weight,
DW-drought weight.
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Figure 4B,C present the activity of enzymes involved in proline synthesis pathway. Control objects
of tolerant cultivars showed lower P5CS activity than sensitive ones, with the lowest activity of this
enzyme in Parabola (Figure 4B). In the sensitive cultivars, cv. Maresi exhibited the lowest activity of
P5CS. Mn application significantly enhanced P5CS activity in all cultivars, especially at the higher dose.
The only exception was cv. Siwek, where P5CS was slightly less active at 10 than at 5 mM MnCl2. OAT
activity was similar in all control samples irrespective of the cultivar tolerance (Figure 4C). After Mn
treatment, the enzyme activity increased in wheat and barley, and the increase was more pronounced
at 10 than 5 mM of MnCl2, while oats showed no significant differences between Mn treatments and
control conditions. The activity of PHD in the control samples was the highest in oat leaves (Figure 4D).
Mn application enhanced activity of this enzyme only in the sensitive cultivar of oat, and mainly at the
higher dose, while in the other tested cultivars no significant changes were noted.
Microscopic observations showed similarities between the control samples of both tolerant
(Figure 5A) and sensitive (Figure 5B) wheat leaves. In parenchymal cells, numerous plastids (arrows)
were visible. Their oval shape indicated the presence of proplastids (Figure 5A’,B’), while the more
elongated shapes signaled the formation of chloroplasts (Figure 5A”,A”’, Figure 5B”,B”’). At 10 mM
MnCl2 numerous starch granules were visible in the plastids (stars) of cv. Parabola (Figure 5C).
In the cells surrounding the vascular bundle, oval plastids with large starch granules were found
(Figure 5C’,C”), while the plastids of the cells distant from the vascular bundle contained smaller
and more elongated starch grains (Figure 5C”’). In cv. Raweta (Figure 5D), small oval proplastids
(arrowheads, Figure 5D’,D”) were registered. In individual cells around the vascular bundle, plastids
with large starch granules (star, Figure 5D”’) were found and cells with plastids of elongated shape
(arrow, Figure 5D”) were also visible.
Figure 5. Example of leaf sections of Parabola and Raweta, in control and at 10 mM MnCl2. Inset
shows magnified fragment with proplastides—marked by arrow and starch granules—marked by a
star. Pc-parenchymatic cell, vb-vascular bundle, n-nucleus, e-epidermis. For (A–D) magnification was
40×; for inset 100×.
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4. Discussion
Mn ions were accumulated in the grains of all tested cultivars, thus pointing to a noteworthy
ability of cereals to uptake this element from the culture media. Mn absorption at even higher amounts
than shown in this study was also described by Millaleo et al. [12]. Already Izaguirre-Mayoral and
Sinclair [51] confirmed the role of interspecific and phenotypic variations in crops after experimental
overexposure to Mn. Fernando and Lynch [6] suggested that anthropogenic environmental effects
may affect interactions between the plant and Mn, and the nature of these changes is dynamic in
shifting climate patterns. Greater Mn accumulation by sensitive cultivars may result from greater
“permeability” of their cellular structures occurring in their seeds than of the tolerant ones. Such an
explanation is in agreement with the experiments of Chatterjee and Nagarajan [52], who investigated
wheat plants with different susceptibility to oxidative stress initiated by drought. They concluded that
seeds of the tolerant cultivar showed lower permeability than of the sensitive one. This finding may
be also supported with the data obtained by Kornaś et al. [53], where greater efflux of ions from the
membranes of sensitive cereal cultivars suggested lower integrity of their membranes, affecting their
better permeability.
A physiological indicator of Mn stress was fresh weight decrease in the seedlings developing in
the presence of this metal. Weight change is a generally accepted parameter that denotes the intensity
of stress factors [54]. A greater decrease in fresh weight in sensitive cultivars confirmed their larger
susceptibility to Mn excess, and allowed us to tentatively identify oats as the most sensitive and wheat
as the most resistant among the tested cereals. The other physiological symptoms of Mn stress included
changes of water relations in the leaves of all cultivars, suggesting the occurrence of osmotic stress
in the tissues. More pronounced changes of this parameter in sensitive cultivars (despite the similar
water potential of control plants), confirmed the role of membrane structures and their permeability, as
well as a possible role of osmoprotectants in the mechanism of anti-Mn-stress protective action. Similar
relationships between water content and stress initiated by metal ions excess (Cd, Na) were found in
bean by Rady [55].
We assumed that different responses of the studied cereals to Mn toxicity depended on how they
“deal” with Mn-triggered oxidative stress. The initiation of oxidative stress is evidenced by activation
of antioxidant enzymes [56]. Generally, Mn-treatments affected the activity of these enzymes in all
cereals. Wheat seedlings showed the highest activity of SODs among all objects, even in control
conditions. This may suggest a higher activity of wheat in capturing superoxide radicals, as compared
with the remaining cereals. It may also explain the earlier suggestions based on fresh weight and an
article by Shewry [30] of high resistance of wheat to Mn stress. As for POX and CAT—two enzymes
involved in hydrogen peroxide decomposition—it seems that in wheat and oats the process was
controlled mainly by POX, while in barley by both enzymes. The inclusion of both POX and CAT
in de-oxidation processes in barley may result in a more effective removal of ROS excesses under
Mn-induced stress. The previously suggested largest sensitivity of oats to Mn excess [57] can be
associated with its relatively low ability to activate all antioxidant enzymes, especially in the stress
conditions. Decreased POX and CAT activity in the sensitive oat cultivar may indicate possible damage
to their protein structure by powerful ROS action. This is an indirect evidence of a significant lack of
tolerance in this cultivar.
Determination of SOD, the enzyme involved in scavenging one of the most reactive ROS
(superoxide anion radical), was already reported for wheat leaves in numerous studies [21,58].
Therefore, the analysis of the activity of individual SOD-isoforms was performed for this cereal. The
fact that apart from commonly occurring Cu/ZnSOD, MnSOD was also activated by Mn stress, suggests
the importance of mitochondrial protection under these conditions. MnSOD is widely distributed
in prokaryotic and eukaryotic organisms and is most often found in the mitochondrial matrix [59].
Mitochondria and chloroplasts are the main places of physiological and stress-induced cellular ROS
production. In this study, we analyzed the youngest leaf (developing from germinating seeds), in
which cell divisions are more intense than in the well expanded leaves. Microscopic observations of
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these leaves revealed the presence of numerous proplastids being chloroplast precursors. This may
explain the lack of FeSOD band in the polyacrylamide gels, as this isoform is usually localized in
mature chloroplasts.
The analysis revealed also differences in the size and shape of plastids between tolerant and
sensitive wheat cultivars as well as the appearance of large starch granules in these organelles. Greater
starch accumulation, induced by Mn application, indicated the disturbance of metabolic processes
initiated under stress conditions [60], and was typical of all sensitive cultivars.
Increased concentration of non-enzymatic antioxidants (soluble sugars, proline) in Mn presence
confirms that oxidative stress is accompanied by osmotic stress. Accumulation of greater amounts
of these substances observed in the sensitive cultivars may indicate higher intensity of stress in
these objects. The increase in proline level under metal-stress was suggested earlier by Sharma and
Dubey [56]. Proline is a known osmoprotectant that in the presence of increased concentration of
Mn ions protects the cells from losing water. Its content reflects a balance between the expression
of enzymes responsible for its synthesis (P5CS and OAT) and its degradation (PHD). Metal stress
stimulated both P5CS and OAT synthesis, as reported by Dar et al. [25]. In the present study, the
increase in these enzymes activity was visible in wheat and barley, while in oats only P5CS activity
was triggered. Lack of activation of proline degradation enzymes (PHD), observed in all tested
cultivars (except for the sensitive oats), suggested the importance of high proline concentrations in
Mn-exposed plants. In sensitive oats, the increase in PHD activity, detected at higher Mn dose, led to
the reduction in proline level, and further to the loss of Mn tolerance. Moreover, the lowest synthesis
of soluble sugars, the presence of which is, similarly as of proline, associated with the maintenance of
optimal osmotic conditions, may indicate that low tolerance of oats may be related to cellular water
management disorders.
Changes of salicylic acid content are usually considered as engagement of chemical signals in the
control of plant responses under environmental stress [61]. The rise of SA synthesis under Mn stress in
the tolerant cultivars correlated with lower Mn accumulation in the cells as opposed to the susceptible
cultivars, where SA content decreased under stress and growing Mn uptake. Similar dependences
were described by Wang et al. [62], thus suggesting that salicylic acid can control the uptake of some
elements, such as Mn, Cu, Fe, and Zn. The share of these metals in the active centers of enzymes
determines the efficiency of cellular detoxification mechanisms.
The statistically significant higher activity of enzymes both involved in detoxification as well
as maintaining osmotic homeostasis in susceptible cells vs tolerant varieties may result of higher
Mn accumulation. Zhang et al. [63] suggested that high metal concentrations cause increased ROS
generation. Perhaps that is why in the majority of susceptible cultivars higher levels of enzymes both
involved in cell detoxification as well as in maintaining adequate osmotic pressure were demonstrated.
The exception is the oat Siwek at which the highest metal accumulation could cause irreversible
metabolic dysfunctions (including reduction of enzyme activity) which were particularly evident in
fresh mass reduction under Mn stress conditions.
5. Conclusions
Based on the described experiments it can be concluded that ability to uptake and accumulate this
metal in the cells of the studied cereal genotypes is one of the first stages of a plant–Mn relationship,
just as was suggested earlier by Kornaś et al. [53]. All cultivars sensitive to oxidative stress showed
higher Mn uptake than the tolerant ones, and the physiological effects included inhibited growth
and reduced leaf water content. Mn-stress resulted in a disorder of cellular metabolism revealed in
microscopic observation as changes in the plastid structure and accumulation of significant amounts of
starch, especially visible in the sensitive cultivars. It was demonstrated the increase of SOD activity
both Cu/ZnSOD and MnSOD isoforms in the presence of Mn. The POX is mainly activated in wheat
and oats whereas CAT-in barley. The Mn ions caused osmotic disturbances, indicated as increase in the
synthesis of soluble sugars and proline. Proline synthesis was genotype-dependent. In wheat and
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barley both glutamate and ornithine pathways were activated, whereas in oats only the glutamate
pathway. Moreover, in the sensitive oat cultivar the higher dose of Mn significantly activated the
enzyme responsible for proline degradation that could consequently weaken cellular protection in this
cultivar. The increase of salicylic acid concentration was another factor involved in the mechanism
of antioxidant protection against the toxic effects of Mn. Particularly high amounts of this substance
found in wheat could provide additional path of defense of this cereal exposed to manganese stress.
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